Beef cattle manure can serve as a valuable source of nutrients for crop production. However, emissions of volatile organic compounds (VOCs) after land application may pose an odor nuisance to downwind populations. This study was conducted to evaluate the effects of land application method, diet, soil moisture content, and time since manure application on VOC emissions. Manure was collected from feedlot pens where cattle were fed diets containing 0, 10, or 30% wet distillers grains with solubles (WDGS). Land application methods included surface-applying manure (i.e., no-tillage) or incorporating manure using disk tillage. The effects of soil moisture content on VOC emissions was determined by adding water to each of the plots approximately 24 h after manure application. Isovaleric acid, butyric acid, and 4-methylphenol contributed 28.9, 18.0, and 17.7%, respectively, of the total measured odor activity values. In general, the largest emissions of volatile fatty acids and aromatics were measured during the initial collection periods on the no-tillage plots under dry soil moisture conditions. Emissions of volatile fatty acids and aromatics were reduced after water additions because these compounds were stored in the soil-water matrix rather than released into the atmosphere. In contrast, sulfide emissions generally increased with the addition of the water, especially on the plots containing manure from the 30% WDGS diet. Sulfur content of manure increases with higher percentages of WDGS feed stock. Application method, diet, soil moisture content, and time since application should be considered when estimating VOC emissions.
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Beef cattle manure can serve as a valuable source of nutrients for crop production. However, emissions of volatile organic compounds (VOCs) after land application may pose an odor nuisance to downwind populations. This study was conducted to evaluate the effects of land application method, diet, soil moisture content, and time since manure application on VOC emissions. Manure was collected from feedlot pens where cattle were fed diets containing 0, 10, or 30% wet distillers grains with solubles (WDGS). Land application methods included surface-applying manure (i.e., no-tillage) or incorporating manure using disk tillage. The effects of soil moisture content on VOC emissions was determined by adding water to each of the plots approximately 24 h after manure application. Isovaleric acid, butyric acid, and 4-methylphenol contributed 28.9, 18.0, and 17.7%, respectively, of the total measured odor activity values. In general, the largest emissions of volatile fatty acids and aromatics were measured during the initial collection periods on the no-tillage plots under dry soil moisture conditions. Emissions of volatile fatty acids and aromatics were reduced after water additions because these compounds were stored in the soil-water matrix rather than released into the atmosphere. In contrast, sulfide emissions generally increased with the addition of the water, especially on the plots containing manure from the 30% WDGS diet. Sulfur content of manure increases with higher percentages of WDGS feed stock. Application method, diet, soil moisture content, and time since application should be considered when estimating VOC emissions.
Emission of Volatile Organic Compounds after Land Application of Cattle Manure
Bryan L. Woodbury,* John E. Gilley, David B. Parker, David B. Marx, Daniel N. Miller, and Roger A. Eigenberg A irborne pollutants from animal feeding operations may be a concern to downwind populations (Wright et al., 2005; Donham et al., 2007; Heederik et al., 2007; Radon et al., 2007; Thorne, 2007) . Chronic exposure to these pollutants were associated with increased incidence of respiratory diseases, particularly for those responsible for the care of the animals (Omland, 2002; Mitloehner and Calvo, 2008) . Work by Schiffman et al. (1995) found residents exposed to swine odors had significantly more stress, depression, anger, and fatigue than those who were not exposed. However, their findings were not able to distinguish whether the response was innate or learned.
Airborne pollutants can originate from several areas associated with beef cattle operations, including pen surfaces, manure storage facilities, runoff holding ponds, feed storage areas, and animal housing facilities (Koelsch et al., 2004) . These pollutants can be in many forms, such as dust, bacteria, mold, endotoxins, ammonia, hydrogen sulfide, volatile organic compounds (VOCs), and particulate matter (Mitloehner and Calvo, 2008) . Another origin of airborne pollutants associated with animal feeding operations that is sometimes overlooked is land application of manure.
Most of the research associated with land application is focused on improving the efficacy of nutrient utilization. There has been some work on mitigating odorous emissions from swine manure and poultry operations (Moore et al., 1995; Powers, 1999; Sims and Luka-McCafferty, 2002; Sharpe et al., 2004; Powers et al., 2007; Parker et al., 2013a) . Most of the work on land-applied swine manure has been focused on liquid application, which is very different from most beef manure. Poultry litter, like beef manure, is a dry material but is very different in physical and chemical make-up.
Emission of VOCs from land-applied beef manure can be influenced by many factors, such as animal diets, storage time from excretion to application, amount of inert material (i.e., soil) entrained in the manure, and moisture content of the manure. Also, VOC emissions from land-applied beef manure come from more diffuse sources than typical pen surfaces or manure storage. Furthermore, land application can place the VOC emission closer to the public than would occur at the animal production facility. Despite the issues associated with VOC emissions from land-applied beef manure, its use as a fertilizer and soil amendment has many soil health benefits and contributes to improved agricultural sustainability (Tester, 1990; Fauci and Dick, 1994; Edmeades, 2003; Ferguson et al., 2005) .
Malodorous VOCs, such as volatile fatty acids (VFAs), aromatics, sulfides, amides, and alcohols, are emitted during the microbial degradation of manure (Mackie et al., 1998; Miller and Varel, 2001; Miller and Berry, 2005; Rappert and Muller, 2005; Trabue et al., 2011) . Research has focused on measuring emissions characteristics and rates of these compounds from feedlot sources (Auvermann et al., 2007; Kyoung et al., 2007; Todd et al., 2008; Trabue et al., 2008) . Recent introduction of ethanol by-products, particularly distillers grains, over the past decade as a feed additive for beef cattle has modified the emission characteristics of manure (Gralapp et al., 2002; Varel et al., 2008; Spiehs and Varel, 2009; Varel et al., 2010) . This modification is particularly important because certain compounds have much lower detection thresholds than others, and these detection limits can be altered by interactions with other airborne compounds and the environment (Trabue et al., 2011) .
Increasing the amount of wet distillers grains with solubles (WDGS) fed to feedlot cattle can increase P, N, and S intake and excretion. This increase in N can cause greater ammonia emission, primarily from urine (Spiehs and Varel, 2009; Todd et al., 2011) . Feeding WDGS has also been found to contribute to the production of odorous VOCs, such as long-and branchedchain VFAs and phenol (Spiehs and Varel, 2009) . Increases in specific VFAs, however, may not lead to overall increases in total VFA emissions. Similar studies have found that total VFA concentrations in manure can decrease as WDGS increase in the diet and that the concentration of other aromatic compounds (p-cresol, indole, skatole) in cattle feces does not change (Spiehs and Varel, 2009; Parker et al., 2013a) . Another study found that VOC flux or odor activity values (OAVs) did not differ between measured VOC emissions from feces and urine from cattle fed steam-flaked corn diets containing 0, 15, 30, or 45% WDGS (Hales et al., 2012a) .
In addition to manure characteristics, the method of manure application can affect emissions of VOC after land application. It is unlikely that beef producers will alter animal diets to manage VOC emissions because animal feed is one of the largest input costs for production. Therefore, the lowest cost rations that supply the needs of the animal will be used. However, producers may consider changes in how manure is handled during land application. Research investigating changes in manure handling has shown promise. Parker et al. (2013a) reported that injection of swine manure resulted in 80 to 95% lower flux than surfaceapplied manure. Similarly, Hanna et al. (2000) reported that injection of swine manure reduced odor emissions by 68 to 88% relative to surface broadcasting, and Feilberg et al. (2011) reported a 75 to 90% reduction in 4-methylphenol emissions when swine manure was injected. For dairies, Brandt et al. (2008) reported 58 to 67% lower odor concentrations for injected dairy slurry than for surface application.
There has been limited research to evaluate the effects of land application method of beef cattle manure on VOC emissions; therefore, there is limited information to develop management practices that would mitigate VOC emissions. The objective of this investigation was to evaluate the effects of land application method, diet, soil moisture content, and time since application on VOC emissions.
Materials and Methods

Study Site
Field experiments were conducted during the summer of 2012 at the University of Nebraska Rogers Memorial Farm located 18 km east of Lincoln, Nebraska. The site had been cropped using a grain sorghum [Sorghum bicolor (L.) Moench], soybean [Glycine max (L.) Merr.], winter wheat (Triticum aestivum L. 'Pastiche') rotation under a no-tillage management system (hereafter referred to as "no-till") and was planted to winter wheat during the 2010-2011 cropping season. The area was left undisturbed after wheat harvest in July 2011. Herbicide was applied as needed to control weed growth. Wheat residue was removed by hand raking before plot establishment.
Soil at the study site was classified as an Aksarben silt loam (fine, smectitic, mesic Typic Argiudoll). The site contained 25% sand, 52% silt, and 23% clay and had a pH of 7.2 and an organic matter content of 3.4%. Air temperatures and relative humidity at the time of the study are shown in Table 1 .
Beef Cattle Manure
Beef cattle manure was collected from feedlot pens located at the U.S. Meat Animal Research Center near Clay Center, NE. Calves born during the spring of 2011 were placed in the pens in October 2011. Cattle were fed a corn-based diet that contained 0, 10, or 30% WDGS. Animals were removed from the pens, and the surface was allowed to dry. The manure was collected from behind the feed bunk apron of the pens using a front-end loader and placed in a truck. The manure from the respective diets was stored in separate piles at a manure handling facility until it could be ground and mixed using a gas-powered tree branch chipper. The ground and mixed manure was placed in 125-L plastic containers until it was land applied. For each diet, 10 grab samples were removed and composited. A subsample from each composited sample was used to determine the physical and chemical characteristics of the manure (Table 2) (Servi-Tech Laboratories). 
Experimental Design
Twelve plots (0.75 m × 2.0 m) were established across the slope using a randomized block design. The plots were planted to wheat the previous year, and the stubble was left standing through the winter. The plot area was fallowed during the study. The experimental treatments, which were replicated twice, included land application method (tilled or no-till) and diet (0, 10, or 30% WDGS). Each of the plots received an application of water after the 24-h sampling period to evaluate the effect of water on odor emissions. Although antecedent moisture conditions of the plot soils were not measured, vegetative growth was eliminated. Therefore, it was assumed the soil moisture condition was at or below field capacity during the study. After the addition of water, another series of air samples was collected using the same sampling intervals. Field tests for replications 1 (six plots) and 2 (six plots) were conducted from 14 to 16 May and from 4 to 6 June 2012, respectively.
Beef cattle manure was applied to meet the 1-yr N requirement for corn (151 kg N ha -1 yr -1 for an expected yield of 9.4 Mg ha
). Based on laboratory analysis of the manure, application rates for each plot were calculated assuming that the first-year N availability from the manure was 40% (Eghball et al., 2002) . This resulted in more manure being applied to plots receiving 0% WDGS diet manures because the concentration of N was less when compared with the other diets. This approach was selected because it more accurately reflects procedures used by producers, thereby allowing better evaluation of application method for developing mitigating management practices. Manure was uniformly applied by hand across the plot surfaces using 19-L buckets. Applications covered an area slightly larger than the final plot dimensions to ensure uniform application on the tilled plots. Immediately after land application, a 5-m tandem disk was used to incorporate the applied manure to a depth of approximately 8 cm. A single pass occurred up and down the slope in the direction of overland flow.
Experimental Procedures
After manure application, plots were established within the no-till and tilled areas using 20-cm-wide sheet metal frames driven approximately 10 cm into the soil. Measurements for VOC fluxes were conducted using a wind tunnel chamber on each of the two sampling dates. On Day 1 (dry condition), the wind tunnel chamber was placed on the soil surface and pressed into the soil to a depth sufficient to ensure soil contact around the parameter of the tunnel. Air flow was introduced into the flux chamber to establish equilibrium conditions. Collection of air samples for VOC measurements began 0, 1, 2, 6, and 23 h after equilibrium was established. The flux chamber was removed after the 23-h sampling interval had been completed. The effects of a single application of water on VOC measurements were identified during Day 2. On Day 2 (wet condition), water was applied to the plot surfaces with a hand-operated irrigation wand until the surface soil was saturated and runoff began. Measurements of VOCs from the saturated soil surface were conducted using the wind tunnel flux chamber and the same experimental procedures as described for dry conditions.
Background emissions for the site were determined by establishing six plots adjacent to the test site. Metal frames were installed as describe earlier. Three of the plots had water applied in a manner similar to the test plots, and three were left dry. Wind tunnels were installed, and background measurements were collected using the same procedure used previously. Background values for each of the measured compounds are listed in Table 3 .
Wind Tunnel Flux Measurements
Details on the operation of the small wind tunnel can be found in Parker et al. (2013b) . The small wind tunnel had a 51 mm height, 305 mm length, and 152 mm width, with a footprint of 0.046 m 2 and internal volume of 2.36 L. The sweep air entered the wind tunnel through 17 holes (6-mm diam.) in three rows at heights of 17 mm (six holes), 30 mm (five holes), and 43 mm (six holes) above the base. Air exited the tunnel through three 10-mm-diameter holes equally spaced at a height 27 mm above surface at the opposite end of the tunnel. Sweep air (1 L min
) was supplied via Teflon tubing from a compressed air cylinder (Linweld).
After an equilibration period that allowed three volumes of sweep air to pass through the wind tunnel, VOC samples were collected from the air exiting the wind tunnel. Air samples were obtained in stainless steel sorbent tubes (89 mm × 6.4 mm OD; Markes International Inc.) filled with Tenax TA sorbent (SigmaAldrich). Before use, the sorbent tubes were conditioned for 30 min at 230°C. Air was pulled through the sorbent tubes at a flow rate of 75 mL min -1 for 60 min using a vacuum pump (Pocket Pump 210 Series, SKC Inc.) Flux density, J, was calculated on a mass per unit area per unit time basis (mg m -2 min -1 ) using Eq. [1]:
where Q is the sweep air flow rate (m 3 min -1
), C air is the VOC concentration of the exiting air (mg m 
Gas Chromatography/Mass Spectrometry Analyses
Sorbent tube samples were collected in duplicate and results were averaged. A thermal desorption-gas chromatography (GC)-mass spectrometry (MS) system consisting of a Markes Unity 2 thermal desorber with Ultra 2 autosampler (Markes International Inc.) was used to analyze the sorbent tube samples. Samples were quantified with an Agilent 7890A/5975C GC/ MS (Agilent Technologies, Inc.). The system used an Agilent Innowax (30 m × 0.25 mm inner diameter) capillary column (polyethylene glycol, 0.25 mm film thickness) that was operated under a constant air flow rate of 1.4 mL min -1 . Samples were purged for 1 min at 40 mL min -1 to remove water and solvent. The tube was then desorbed for 10 min at 280°C with a carrier gas flow of 50 mL min -1 and trapped on a cold trap maintained at -10°C. The cold trap was heated to 320°C for 1 min with a carrier gas flow of 20 mL min -1 , and 1.4 mL min -1 was transferred to the GC-MS. In the GC oven, the column was held at 40°C for 3 min, and then the temperature was increased to 230°C at a rate of 8°C min -1 and held at 230°C for 5 min. The polar analytical column was an Agilent Innowax, with a 30 m × 0.25 mm inner diameter capillary column (polyethylene glycol, 0.25 mm film thickness).
Samples were analyzed for eight VFAs (acetic, butyric, heptanoic, hexanoic, isobutyric, isovaleric, propionic, and valeric acids), five aromatic compounds (4-ethylphenol, indole, p-cresol, phenol, and skatole), and two sulfur-containing VOCs (dimethyl disulfide [DMDS] and dimethyl trisulfide [DMTS] ). For calibration, standard solutions were prepared by diluting known masses of pure chemicals with methanol. Standards were prepared fresh and analyzed within 48 h to establish standard curves. Stored standards were periodically integrated to verify changes in sensitivity of analysis. All chemicals and solvents were FCC grade (Sigma Aldrich). Standards were prepared using serial dilutions and then injected onto clean tubes while purified air was pulled through the tubes with a vacuum pump operated at 75 mL min -1
. Standard solutions were stored for periodic instrument calibrations. Our experience has shown little evidence that VFAs are ionized and become nonvolatile. However, esterification with methanol is used to convert nonvolatile VOCs into a more volatile form, such as converting fatty acids found in meat (palmitic acid, stearic acid, oleic acid, etc.) to its more volatile methyl ester form. We have seen little difference in GC response from freshly made standards to standards that have been stored, which indicates little to no ionization or response issues.
Within the linear range, standard curves were fit using linear regression with zero y-intercept. Coefficients of determination for the standard curves ranged from 97.8 to 99.7% for the eight VFAs, 97.8 to 99.3% for the five aromatics, and 99.8% for DMDS and DMTS.
Odor Activity Value and Analysis
Concentrations of individual compounds were converted to their respective OAVs. An assessment of the relative impact of each individual odor compound is provided by OAV analyses. Details of the conversion can be found in Parker et al. (2013a) ; a brief description is provided below.
The OAV is a ratio of the measured concentration of a single compound normalized to the single compound odor threshold (SCOT) for that compound (Patton and Josephson, 1957; Friedrich and Acree, 1998; Trabue et al., 2006; Parker et al., 2010b; Parker et al., 2013b) . Therefore, the higher the OAV for an individual compound, the more likely that compound will contribute to the overall odor of a complex odor mixture.
The single compound odor threshold values for each compound were obtained using values from published odor thresholds (Table 4 ). The relative contribution of each compound was calculated by subtracting background emission for each . ¶ Relative standard deviation (SD/mean) from seven replications at minimum mass analyzed.
# Background emission rate from soil receiving no moisture or beef manure (average of three replicates). † † Background emission rate from soil receiving moisture but no beef manure (average of three replicates).
compound and dividing by the sum of the OAV for all measured compounds. This approach does not account for possible synergistic or other complex interactions of the compounds (DiSpirito et al., 1994; Powers, 2001; Zahn et al., 2001 ).
Statistical Analyses
The effects of land application method, diet, soil moisture condition, and sample collection time on VOCs were determined using repeated-measures ANOVA (SAS Institute, 2011). For a given plot, duplicate readings collected for a particular test interval and sample collection time were treated as repeated measures. Significant treatment differences were further evaluated by using post hoc multiple comparison tests (Fisher's LSD). A probability level < 0.05 was considered significant.
Results and Discussion
Isovaleric acid, butyric acid, and 4-methylphenol accounted for 28.9, 18.0, and 17.7%, respectively, of the total OAV (Fig. 1) . Three other VFAs with notable contributors to the total OAV were valeric, propanoic, and isobutyric acid, with contributions of 5.85, 2.09, and 2.06%, respectively. Indole was the only other aromatic that contributed substantially to the total OAV, with a value of 4.52%. Dimethyl trisulfide and DMDS contributed 8.68 and 3.28%, respectively, to the total OAV. Heptanoic acid, acetic acid, skatole, 4-methyphenol, and phenol each had contributions that were less than 1% of the total OAV and were not included in further discussion (Fig. 1) .
Tillage did not significantly change the emission for any of the measured VOCs (Tables 5 and 6 ). Emissions from the no-till plots, however, tended to be greater than from the tilled plots. The ratio of VOC emissions from the no-till-to-disked plots ranged from 1.3 for isovaleric acid to 15.7 for indole. (2003) # DMDS, dimethyl disulfide; DMTS, dimethyl trisulfide.
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Fig. 1. Relative contribution of odorant to the overall odor activity value (OAV). Each compound is adjusted for background emission and normalized for its specific odor threshold.
The sulfide compounds, DMDS and DMTS, were the only VOCs that were significantly influenced by the amount of WDGS in the diet (Tables 5 and 6 ). Emissions of DMDS and DMTS were significantly greater for the 30% WDGS diet than for the 0 and 10% WDGS diets. Flux measurements of DMDS for the 30% WDGS diet were over 4 times higher than those measured for the 0 and 10% WDGS diets. Flux measurements of DMTS for the 30% WDGS diet were 3 times higher than the 0% WDGS diet and 8 times higher than the 10% WDGS diet.
Flux measurements for each of the VFAs and aromatic compounds were generally higher under dry than wet soil conditions, although differences were not significant for all compounds. Only DMDS emissions were significantly affected by moisture content, which were 2.5 times higher for wet than for dry soil conditions (Table 5) .
Each of the VOCs was significantly influenced by sampling time (Tables 5 and 6 ). Flux measurements for propionic acid, isobutyric acid, butyric acid, isovaleric acid, and indole were highest at the 1-h sampling period. Flux measurements were lowest at the 23-h sampling period for isobutyric acid, butyric acid, isovaleric acid, valeric acid, hexanoic acid, indole, DMDS, and DMTS.
Volatile Fatty Acids
All six VFAs measured in this investigation had significant three-way treatment interaction effects (Table 6 ). Emissions of all VFAs except hexanioc acid were affected by the interaction of application method, moisture content, and sampling time. The largest emissions of propionic, isobutric, butyric, isovaleric, and valeric acid occurred for the dry condition under no-tillage ( Fig.  2A-E) . In general, emissions were greater during the first 6 h of sampling compared with the emissions at 23 h. Specifically, the 1-h emission measurements for propionic, isobutyric, butyric, and isovaleric acid were substantially higher than any of the other emission measurements obtained during the 24-h period. Emission values for propionic, isobutyric, butyric, isovaleric, and valeric acid were near minimum detection limits (MDLs) for wet soil moisture conditions on the no-till plots and for both dry and wet soil moisture conditions on the tilled plots.
The relatively large flux values obtained at the 1-h sampling interval under dry soil moisture conditions on the no-till plots may indicate that the odor compounds generated during storage were released when the manure was applied to the soil. The no-till plots retained the greatest amount of VOCs in the manure on the soil surface. Once the manure was spread on the plot surface, the increased surface area may have facilitated additional exposure to direct sunlight, facilitating drying beyond the storage moisture content. With the loss of moisture, the odor compounds contained in the manure were released to the atmosphere. Not all of the VFAs contained in the manure were released during the initial sampling period; the peak loss of the VFAs was measured after the first 1-h Fig. 2 . Flux values for propionic, isobutyric, butyric, isovaleric, and valeric acid as affected by application method, soil moisture content, and time since application. sample period. Additional work is needed to further quantify this process. Incorporating the manure into the soil during disking may have released odorous compounds from the manure, and those odorous compounds may have been trapped within the soil matrix and not released to the atmosphere. Adding water to increase soil moisture after land application reduced VFA emissions to near the MDL for each of the VFAs except valeric acid.
Emissions of hexanoic acid were affected by the interaction of application method, diet, and sampling time. The largest hexanoic acid emission occurred on the no-till plots that received manure generated from the 10% WDGS diet (Fig. 3A) . The hexanoic acid emission peaked at the 2-h sampling time, and the smallest values occurred at the 23-h sampling time (Table 5 ). The largest hexanoic acid emissions from the tilled soils occurred for the manure generated from the diet containing 30% WDGS (Fig. 3B) . As was true for no-till conditions, the peak emission occurred at the 2-h sampling time, and the lowest emissions were found at the 23-h sampling time.
Aromatics
The two aromatics measured in this investigation were 4-methylphenol and indole (Fig. 1 ). Of these two compounds, flux values for 4-methylphenol were nearly four times higher than indole. The largest emission of aromatics occurred for dry soil moisture conditions under no-till (Fig. 4A-D) .
The largest emission of 4-methylphenol occurred under dry soil moisture conditions on the no-till plots that received manure generated from the 0% WDGS diet (Table 5 ; Fig. 4A-D) . Flux measurements under dry soil moisture conditions on the no-till plots containing manure from the 10% WDGS diet were slightly higher than the plots containing manure obtained from the 30% WDGS diet. Measurements of 4-methylphenol were near MDL after 6 h for each of the treatments. Applying manure from the 0% WDGS diet on the soil surface under dry conditions for no-till increased 4-methylphenol emissions nearly 10 times compared with the tilled condition (Fig. 4A, B) . The largest 4-methylphenol emissions occurred at 0 h, and the smallest emissions occurred at 23 h. Adding water on day 2 to no-till, surface-applied manure obtained from the 0% WDGS diet reduced emissions of 4-methylphenol (Fig. 4A-D) . Measurements of 4-methylphenol were minimal for manure generated from diets containing 10 and 30% WDGS.
These findings of higher 4-methylphenol flux from 0% WDGS manures were different from results reported elsewhere (Cole et al., 2005; Galles et al., 2011; Todd et al., 2011; Hales et al., 2012b) . These fresh WDGS manures contain a higher content of aromatic fermentation products, leading to higher initial fluxes of aromatics. However, as manure ages there is a loss of volatile odor compounds originally present in the manure, and subsequent fermentation can produce a different suite of odor compounds depending on the available substrate (Miller and Varel, 2001 ). Miller and Varel (2001) found that fresh manure from standard rations of dry rolled corn contain residual starch and a suite of fermentation products originating from carbohydrate fermentation. Aged manure from these standard rations has much lower starch content and, when subjected to additional fermentation, consumes protein and yields aromatic fermentation products (Miller and Varel, 2001) . Most of the easily fermentable protein may have been used and already emitted from the WDGS. In the 0% WDGS manures, starch was broken down as the manure aged, and at the point when the aged manure was used, the microbes responsible for manure decomposition were using residual, more recalcitrant protein. Additional studies are needed to better understand manure aging and how the emissions of odorous fermentation products change over time.
Significant interactions for indole were measured among application method, soil moisture content, and sampling time (Table 6 ). Diet did not significantly affect emission rates for indole (Table 5 ). Peak emission rates for indole were measured at the 1-h sampling interval. The largest emission flux was obtained for dry soil moisture conditions under no-till (Fig. 5) . The next largest emission flux occurred on the no-till plots under wet conditions.
The relatively large emission of aromatics on the no-till plots with dry soil conditions indicates the aromatics may have been trapped in the manure particles during storage and were released when they were applied to the plots. The addition of water may have retained the aromatic compounds in the soil-water matrix rather than releasing them to the atmosphere. The interaction effects involving soil moisture had the least impact on flux measurements for indole. This could have been influenced by the relative insolubility of indole in water compared with the other measured compounds (Houlihan, 1972) . Indole solubility in pure water is more comparable to DMDS and DMTS than any of the OAV contributing VFAs or 4-methylphenol. Indole is at least five times less soluble; however, the comparison of relative solubility may be somewhat simplistic when other chemical and physical parameters are considered. Chemical parameters, such as competing dissolved salts or the presence of soil organic material, can influence how these lesssoluble compounds are partitioned in the soil-water matrix. Also, the physical parameters, such as thickness of the hydrated layer covering the soil/manure particles, can greatly influence the effective solubility of these compounds. The dynamic nature of these parameters in a changing environment creates a very complicate system. Despite the complicated nature, relative solubility can explain some tendencies.
Sulfides
The DMDS flux measurements were significantly influenced by diet, soil moisture condition, and sampling time (Table 6 ). The emission rate of DMDS was nearly 4 times greater for the 30% WDGS diet than for the other two diets (Table 5) . Wet soil moisture conditions increased the DMDS emissions by approximately 2.6 times. The largest DMDS measurements occurred at the 6-h sampling interval.
The largest DMDS emissions were measured under wet soil moisture conditions on the plots that received manure obtained from the 30% WDGS (Fig. 6A-D) . On these plots, the largest DMDS emission rates occurred at the 6-h sampling interval. For dry soil moisture conditions, the tilled plots that received manure from the 30% WDGS had the largest emission values. Emissions under dry soil moisture conditions on plots that were tilled remained relatively constant during the 24-h sampling period for all diets. In contrast, DMDS measurements for the wet condition on the plots containing manure from the 30% WDGS diet consistently increased during the first 6 h of measurement. This indicates that DMDS may have been produced on the plots containing manure from the 30% WDGS diet once water was added. Also, the WDGS is highly digested and has a higher sulfur content, which may result in rapid conversion to DMDS under specific anaerobic conditions. Recently, Andersen et al. (2012) detailed an evaluation of this method for recovery of methanethiol and found it to be converted readily to DMDS, but methanethiol was retained in the sorbent tubes if they were not handled appropriately. This process has the potential to bias analysis if appreciable quantities of methanethiol are expected. Justification for using this method is based on work by Beard and Guenzi, (1983) . They showed that DMDS was produced appreciably from cattle manure slurries from redox +300 -100 mV potential. They also found that small amounts of methanethiol were achieved in these slurries across a wide range of redox potential but was not appreciably produced until -100 mV potential or less. Redox potentials of -100 mV or less are typically achieved in rice fields when flooded (Hou et al., 2000) . The soils used during this study were typical agricultural loess soils found throughout the Midwest. The two methods of application were broadcast or tillage into the soil. Neither of these methods would typically produce redox potential sufficient for appreciable production of methanethiol.
Emissions of DMTS were significantly affected by diet and sampling time (Table 6 ). There were also significant interactive effects with application method, soil moisture content, and sampling time in addition to diet. The DMTS emissions were 3.2 times greater for manure derived from the 30% WDGS diet than for manure from the diet containing 0% WDGS. There were no significant differences in DMTS emissions between the manure derived from diets containing 0 and 10% WDGS.
The emission pattern for the sulfide compounds was very different from those of the VFAs and aromatics. Figure 7A illustrates the increase of DMTS emissions for the wet soil moisture conditions under till and no-till conditions from the initial sampling period until the 6-h sampling interval. Application method had little effect on emission rates. The no-till plots with dry soil moisture conditions had emission fluxes similar to the 1-h sampling time for the wet soil moisture condition. Emission of DMTS dropped to <0.1 mg m -2 min -1
by the 2-h sampling period. The effect of soil moisture content on the emission of DMTS, particularly for manure generated from the 30% WDGS diet, is illustrated in Fig. 7B and 7C . Under dry soil conditions (Fig.  7B) , the largest emission rate was measured during the initial sampling period and then decreased to <0.2 mg m -2 min -1
for the manure generated from the 30% WDGS diet and <0.1 mg m -2 min -1 for the manure from the diets containing 0 and 10% WDGS. In contrast, for the wet soil moisture condition (Fig. 7C) , the manure from the 30% WDGS diet had an initial emission flux of 0.2 mg m -2 min -1 and then steadily increased to >0.9 mg m -2 min -1 by the 6-h sampling period. The increase in sulfide emissions from manure generated by diets with higher percentages of WDGS is influenced by the higher sulfur content of the WDGS feed stock. The removal of the starch component of corn during the creation of ethanol concentrates most of the conserved elements in the by-product. The increase in flux rates with sampling time appears to have been caused by the reduction in oxidation status of the wet soils. Reducing conditions favors the formation of reduced sulfur compounds.
Conclusions
The addition of animal manure to soil as a fertilizer amendment has benefits for sustaining or improving qualities for agricultural production. However, odors resulting from its use can affect those living nearby. Therefore, improved management is necessary to mitigate these unintended negative consequences.
Almost 65% of the offensive odors were reduced by only three compounds, and these emissions were released shortly after manure application. Although they were not directly measured, many of these odorous compounds may have been generated during manure storage. The addition of irrigation after application was found to reduce emissions of many of these compounds by retaining them in the soil-water solution. However, as the soils dry, the retained odors may be released.
Although some emissions were reduced by the addition of water, sulfide emissions were increased. This increase was greatest for diets that contained 30% WDGS due to the increased sulfur content of the feed. The peak of sulfide emissions occurred several hours after irrigation and decreased rapidly as the soils dried. Manure incorporation combined with irrigation was found to reduce almost all of the measured odor compounds. However, the manure needs to be incorporated immediately after application to be most effective. 
